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686a Webnesday, February 29, 2012channel does not possess a distinct pore domain, and the permeation pathway
is located inside the VSD. Here we describe inhibitors of the Hv1 channel that
work as intracellular blockers. We find that these inhibitors gain access to
their binding site in the core of the VSD only when the channel is open,
and that the channel cannot close until the blocker has left its binding site.
This behavior closely resembles the block of the pore domain of other
voltage-gated channels by quaternary ammonium compounds and by the inac-
tivation ball, and reveals that the VSD of Hv1 contains an intracellular gate
conceptually similar to the activation gate of the pore domain. We and other
groups have previously shown that the Hv1 channel is made of two VSD sub-
units, each containing its own permeation pathway, and that the two subunits
gate cooperatively. Here, we use one of the intracellular blockers to investi-
gate the mechanism of cooperative gating. We find that, once the two Hv1
pores are open by depolarization, trapping one of them in the open state
with the blocker prevents the other from closing. We explain this finding
by proposing that the intracellular gates in the two subunits are allosterically
coupled. This work is supported by NIH (grant GM098973) and by The
American Heart Association (WSA grant 09BGIA2160044).
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The voltage-gated proton channel, Hv1, is homologous to the voltage-sensing
domain (VSD) of voltage-gated potassium (Kv) channels, but uniquely lacks
a central pore domain (Ramsey et al., Nature 440, 1213, 2006; Sasaki et al.,
Science 312, 589, 2006). To begin to understand voltage-dependent activation
in the Hv1 channel, we perform molecular dynamics simulations of a homol-
ogy model for the transmembrane region of the human Hv1 in a hydrated lipid
bilayer under a membrane potential. Under a depolarizing potential (positive
on the intracellular side), the channel pathway exhibits a robust transmem-
brane hydrogen bonded water wire connecting the intracellular and extracel-
lular sides. Under a hyperpolarizing potential, a cluster of hydrophobic side
chains occludes the central region of the channel and prevents water wire for-
mation. Assuming that a water wire plays a role in proton conduction by Hv1,
these observations are consistent with experiments showing that the channel
opens at depolarizing potentials. The basic side chains in the VSD S4 segment
carry most of the gating charge during the activation of Kv channels. We ob-
serve translocation of the third arginine in the Hv1 S4 segment (Arg211) rel-
ative to a highly conserved phenylalanine side chain (Phe150) located at the
center of the putative channel permeation pathway. Phe150 is homologous to
a highly conserved Phe side chain in Kv channels, which is thought to mod-
ulate channel activation (Tao et al., Science 328, 67, 2010; Lacroix and Be-
zanilla, PNAS 108, 12313, 2011). Thus, our simulations suggest that these
residues may be involved in voltage activation of Hv1. This work is supported
by grants from the NIH (GM74637, GM86685 and GM72507) and NSF
(CHE-0750175), and Teragrid resources provided by the NSF-supported
NICS.
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Voltage-sensing domains (VSDs) regulate the opening of voltage-dependent
ion channels in response to changes in membrane electrical potential. They
are comprised of four transmembrane segments (S1 through S4) and their
overall architecture is conserved from Archaea to mammals. VSD charge dis-
placements within the membrane electric field after a sudden change in mem-
brane potential are measured in electrophysiology experiments as capacitive
currents, termed gating currents, which precede ion conduction. The elemen-
tary charge motions that give rise to the gating current appear as shot-like
events in high-bandwidth recordings of gating current fluctuations, but cannot
be observed directly due to limitations of present recording technology. To
characterize the conformational dynamics of the VSD under an applied mem-
brane potential, we performed all-atom MD simulations of the isolated Kv
VSD from Aeropyrum pernix (KvAP) in a 1-palmitoyl-2-oleoyl-phosphatidyl-
choline (POPC) bilayer in excess water under a constant electric field on the
timescale (10-ms) expected for elementary gating charge transitions. The re-
sults suggest that shot-like events of gating current are associated with the
water-catalyzed rearrangement of salt bridges between the S4 arginines and
a set of conserved acidic side chains on the S1-S3 transmembrane segmentsin the hydrated interior of the VSD. Research supported by NIH grants
GM74637 and GM86685 and NSF grant CHE-0750175. The computations
were carried out on the Anton computer at the National Resource for Biomed-
ical Supercomputing at the Pittsburgh Supercomputing Center, which is
funded by NIH grant RC2GM093307.
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Kv1.2 voltage-gated and MlotiK1 cyclic nucleotide-gated Kþ channels be-
long to the family of tetrameric cation channels and share a similar protein
fold in the transmembrane region. Activation of both channels results in a pas-
sive flow of Kþ ions, although Kv1.2 channel is activated by changes in trans-
membrane potential, while MlotiK1 channel is activated by the binding of
cyclic nucleotides to the intracellular domain. Here we use a perturbation-
based markovian transmission (PMT) model to study and compare allosteric
activation pathways in Kv1.2 and MlotiK1 channels. With this model, the ini-
tial perturbation is converted to flow of probability, which allows studying of
the time-course of signal transmission and propagation of probability flow
through the protein molecule. We found that for the allosteric signal transmis-
sion to take place in Kv1.2, all ionizable residues in the TM region must be
perturbed, while the perturbation of the ionizable residues on the S4 helix of
Kv1.2 alone did not result in signal propagation. Furthermore, perturbation of
ionizable residues in the TM region of cyclic nucleotide-gated MlotiK1 did
not result in detectable signal transmission, while perturbation of the resolved
part of the C-linker and the S2-S3 loop together initiate a signal transmission
process, which went from the intracellular side of the channel to the extracel-
lular side and to the filter and P-loop region. Our result showed that PMT
model can distinguish different activation mechanisms in channels sharing
similar fold. We have also predicted residues important for the allosteric sig-
nal transmission in Kv1.2 and MlotiK1 channels. Based on our calculations,
we identified important structural elements in activation of MlotiK1 channel.
In addition, we show that most of the on-pathway residues are aromatic res-
idues in both channels.
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The relationship between the membrane voltage and the gating of voltage ac-
tivated ion channels has been a problem of great current interest. This work ex-
tends our coarse grained model to simulations of membrane/protein systems
under external potential. Special attention has been devoted to a consistent
modeling of the effect of external potential due to the electrodes, emphasizing
semimacroscopic description of the electrolytes in the solution regions between
the membranes and the electrodes, as well as the coupling between the com-
bined potential from the electrodes and electrolytes, and the protein ionization
states. The different aspects of the model have been carefully validated by con-
sidering problems ranging for the simple Debye-Huckel, Gouy-Chapman
models to the evaluation of the electrolyte distribution between two electrodes,
as well as the effect of extending the simulation system by periodic replicas.
Overall model seems to offer a powerful tool for exploring the balance between
the protein conformational energy and the interaction with the external poten-
tial in voltage activated channels. With this in mind we present a preliminary
study of the gating charge in the voltage activated Kv1.2 channel.
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Several quantum calculations (DFT, over 500 atoms each) on a section of the
gate region of the Kv1.2 channel show shifts in local configuration in the T1/S6
C-terminal/S4-S5 linker region of the channel. Four calculations have been car-
ried out: zero and 2 added Hþ, 3 Kþ added, and 3 Cl-þ 2 Hþ (Cl- replaces PO4-,
a more likely counterion from the lipid). The gate swings inward when Hþ is
present, and presents a positive potential repelling Kþ; this appears to be the
closed configuration. Using the 3Lut (=2A79) numbering, two tyrosines play
key roles: one, Y417(S6), interacting with K312 and Q315(S4, S4-S5), the
other, Y132(T1), interacting with H418(S6), with the proton’s presence on
H418 affecting the conformation most strongly. The connection to P407 (of
the PVPV sequence) at the gate is also seen in a still larger calculation. The
open/closed conformational swing is approximately 3A˚ for a single voltage
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Gate Hypothesis: the open gate swings between a configuration in which it
complexes a Kþ, driving the central Kþ upward to the selectivity filter, and
a relatively open state in which the Kþ moves up to the cavity center, while
the gate awaits another Kþ. The closed gate has protons on the H418, repelling
Kþ and keeping the gate shut. This also accounts for the connection of the volt-
age dependent gate to the selectivity filter, and thus inactivation, a phenomenon
noted by several groups, and for the dependence of the conductivity on intra-
cellular Kþ concentration. With certain sets of ions, a proton pathway with wa-
ter forms, while it does not with others.
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Quantum calculations (DFT) on the vestibule, or cavity, region of the potas-
sium channel, with 12, 14, 16, and 18 water molecules, plus a Kþ ion, give
the free energy profile for the ion at five positions: the center of the cavity,
and 2, 4, 5 and 6 A˚ above this position. This is sufficient to show that 16 or
18 water molecules are approximately the correct number, and that the ion
must move up a free energy gradient to reach the selectivity filter. The conduc-
tivity of the channel depends on the intracellular Kþ concentration (LeMasurier
et al, JGP,118, 303, 2001); their data, replotted, shows a linear dependence of
log s on log(Kþ activity); log(Kþ activity) is proportional to the ion free en-
ergy, implying a free energy barrier to Kþ conductivity, as calculated in this
work. We show that this is most easily understood with an oscillating gate
that alternates complexing Kþ and releasing it (see Abstract, Kariev and Green:
The Switch at the Potassium Channel Gate: Quantum Calculations Comparing
Open and Closed States.) The amount of water in the cavity largely controls the
energy barrier, which is approximately 20 kcal. The calculations show substan-
tial charge transfer to the Kþ, which at the center has a charge of only 0.8 - 0.85
e. However, this would suffice to repel an ion entering the gate, leading to a re-
verse ‘‘knock-on’’ effect, hence no conductivity.
However, a complexed ion at the gate could push the central Kþ up to the se-
lectivity filter, leaving space for the ion at the gate to follow to the cavity center,
repeating the cycle. This is also a part of the oscillating gate hypothesis.
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Sodium channel beta subunits (SCN1b-SCN4b) are integral members of
voltage-gated sodium channel (VGSC)-complexes at nodes of Ranvier, axon
initial segments, and cardiac intercalated disks, where they modulate the func-
tion of VGSCs. Mutations of these genes results in neurological (e.g. epilepsy)
and cardiovascular (e.g. Brugada syndrome) diseases. Here we report that
SCN1b modulates the Kv1-subfamily of Kþ channels, each in a unique fashion,
when co-expressed in Xenopus oocytes or mammalian cells (Table). SCN2b,
but not SCN3b, has similar modulatory properties. Pull-down experiments
show that SCN1b is physically coupled to Kv1 channels. Using chimeras of
SCN1b and the myelin Po protein, we demonstrate that the external domain
of SCN1b is essential for channel modulation. Two known epilepsy-causing
mutations in the Ig-domain of SCN1b, R85C and C121W, disrupt Kv1
channel-modulation. Thus, sodium channel beta subunits may regulate action
potential firing and propagation in normal and diseased conditions by modulat-
ing the function of both VGSCs and Kv channels.Ca-activated Channels
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MD, USA.Large conductance voltage- and calcium-dependent potassium channels (BK
channels) are key regulators of many important physiological processes and
a key feature to their physiological role is that the channel’s open probability
is regulated both by changes in transmembrane voltage and by intracellular
calcium concentration. The voltage sensor resides within the transmembrane
region of the channel, while Ca2þ binding is sensed by a large C-terminal in-
tracellular region, where eight Regulator of Conductance for Kþ (RCK) do-
mains form a ‘‘gating ring’’. Calcium binding to this region reduces the
energy required to open the channel, but the exact mechanism underlying
this process is still uncertain. Structural studies using isolated gating rings
from prokaryotic channels and a biochemical study of the isolated gating
ring from the human channel suggest that Ca2þ binding expands the gating
ring. The large movement of the gating ring would physically pull and
open the gate located at the pore domain. In the present study we investigate
the calcium and voltage-dependence of conformational changes in the intact
human BK channel by patch-clamp recordings and simultaneous measure-
ments of fluorescence energy transfer between CFP and YFP variants of the
green fluorescent protein, inserted into three sites in the BK gating ring. De-
pending of the site studied, different movements are detected that differ in
their Ca- and V-dependence. Here we show that Ca2þ binding produces sur-
prisingly large structural changes that, contrary to current theories, are not
obligatorily coupled to the opening of the pore and are not strictly coopera-
tive. Instead, a mechanism such as the ‘‘flip’’ transitions that have been iden-
tified in pentameric neurotransmitter receptor-channels is operative.
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Activation of the human voltage- and Ca2þ-gated (BK, Slo1) Kþ channel is
triggered by both depolarization and increases in intracellular Ca2þ concen-
tration. BK channels and different types of voltage gated (CaV) channels as-
sociate in the cell membrane such that Ca2þ entering via CaV channels
activates BK channels. Protein co-localization and distribution at the plasma
membrane level are typically addressed by fluorescence microscopy. We seek
to gain insight into the relative proximity and positioning of BK channels and
different types of CaV channels (CaV1.2 or CaV2.2) in the membrane by fit-
ting to a mathematical model ionic current recordings obtained from Xenopus
oocytes co-expressing BK and CaV channels. Prior to voltage clamp, the oo-
cytes were injected with known concentrations of EGTA or BAPTA. Using
the cut-open oocyte voltage-clamp technique, oocytes were subjected to a pro-
tocol consisting of two 80 mV pulses, separated by a 70 mV or 0 mV in-
termediate pulse of variable duration. The magnitude of the BK channel
currents, during the second 80 mV pulse, depended on the amplitude and du-
ration of Ca2þ entry during the intermediate pulse, as well as intracellular
Ca2þ buffering conditions. Under the same experimental conditions, CaV2.2
channels activated BK channels more efficiently than CaV1.2 types, as sug-
gested by the longer-lasting potentiation of the BK current when CaV2.2
and BK channels were co-expressed. We are interpreting the degree of phys-
ical association in view of a mathematical model that computes the activation
of CaV and BK channels, as well as intracellular Ca
2þ dynamics, and allows
for varying density and relative distance between these channels. This model
may be useful for predicting the relative distribution of CaV and BK channels
in native cells.
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The human BK channel gating ring (GR) is the site of action of numerous sig-
naling molecules such as Ca2þ and heme, which ultimately modulate pore
